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Abstract

The paraspinal compartment acts as a bone-muscle composite beam of the spine. The elastic properties of the
paraspinal muscles play a critical role in spine stabilization. These properties depend on the subjects’ posture, and
they may be drastically altered by low back pain. Supersonic shear wave elastography can be used to provide
quantitative stiffness maps (elastograms), which characterize the elastic properties of the probed tissue. The aim
of this study was to challenge shear wave elastography sensitivity to postural stiffness changes in healthy
paraspinal muscles. The stiffness of the main paraspinal muscles (longissimus, iliocostalis, multifidus) was
measured by shear wave elastography at the lumbosacral level (L3 and S1) for six static postures performed by
volunteers. Passive postures (rest, passive flexion, passive extension) were performed in a first shear wave
elastography session, and active postures (upright, bending forward, bending backward) with rest posture for
reference were performed in a second session. Measurements were repeated three times for each posture. Sixteen
healthy young adults were enrolled in the study. Non-parametric paired tests, multiple analyses of covariance, and
intra-class correlations were implemented for analysis. Shear wave elastography showed good to excellent
reliability, except in the multifidus at S1, during bending forward, and in the multifidus at L3, during bending
backward. Yet, during bending forward, only poor quality was recorded for nine volunteers in the longissimus.
Significant intra- and inter-muscular changes were observed with posture. Stiffness significantly increased for the
upright position and bending forward with respect to the reference values recorded in passive postures. In
conclusion, shear wave elastography allows reliable assessment of the stiffness of the paraspinal muscles except in
the multifidus at S1 and longissimus, during bending forward, and in the multifidus at L3, during bending
backward. It reveals a different biomechanical behaviour for the multifidus, the longissimus, and the iliocostalis.
Key words: low back pain; lumbosacral region; paraspinal muscles; posture; shear modulus; shear wave
elastography; skeletal muscle.

Introduction

The paraspinal muscles (PsM) allow large tri-dimensional
motions of the trunk and, at the same time, ensure the sta-
bility of the spine. PsM encompass numerous complex and
polyarticular muscles, which are ventrally attached to the
dorsal part of the posterior arc of the vertebrae, the dorsal
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part of the sacrum, and the iliac crest. PsM are sheathed in
an inextensible fascia called the thoracolumbar fascia (TLF),
with which they constitute the paraspinal myo-fascial com-
partment (Willard et al. 2012; Creze et al. 2018c). The para-
spinal compartment acts as a bone-muscle composite beam
of the spine; its efficacy depends on its mechanical proper-
ties, and a disorder of the PSM usually contributes to the
development or the persistence of low back pain
(LBP; Rabischong & Avril, 1965; Mabit & Rabischong, 1996).
Low back pain is commonly associated with increased
trunk stiffness, which is evaluated with various mechanical
devices (Colloca & Hinrichs, 2005; Brown & McGill, 2010)
and increased PsM stiffness, which is commonly probed by
medical palpation (Fryer et al. 2004a,b). Stiffness changes
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have also been recorded by strain elastography in the multi-
fidus in LBP (Chan et al. 2012). Yet, all these measurements
are qualitative and operator-dependent and do not quan-
tify stiffness changes with respect to LBP (Fryer et al. 20043,
b). Hence, they are not routinely used in clinical practice.

Over the last two decades, parametric imaging techniques
have been developed to measure the elastic properties of
tissues in vivo (Levinson et al. 1995; Bercoff et al. 2004).
Today, supersonic shear wave elastography (SWE) allows
real-time mapping of the shear elastic modulus, , by the
computation of the shear wave velocity upon ultrafast
recording of the displacement field (Gennisson et al. 2010,
2013) induced in the targeted tissue by acoustic radiation
force (Gennisson et al. 2010, 2013). SWE efficiently
addresses (1) the characterization of passive and active mus-
cle forces (Nordez & Hug, 2010; Hug et al. 2015), (2) the
determination of the muscle stiffness influences on joint
stiffness (Bouillard et al. 2011), and (3) stiffness changes
related to muscle damage and disease (Nordez & Hug,
2010; Bouillard et al. 2011; Lacourpaille et al. 2014, 2015;
Hug et al. 2015; Creze et al. 2018b).

So far, most studies have been conducted on appendicu-
lar and superficial muscles (Bouillard et al. 2012a; Akagi
et al. 2015; Chino & Takahashi, 2016; Creze et al. 2018b)
because the ultrasound signal is attenuated in deep tissue
and the sensitivity of SWE to anisotropy is detrimental to
the reproducibility of the measurements in muscles with
complex architecture. Given the parallel arrangement of
micro- and macroscopic structures, the muscles are mechani-
cally anisotropic and SWE requires matching the orientation
of the probe to the main direction of the muscle fibres (Eby
et al. 2013). The trunk muscles are flat, large, multipennate,
and/or multiceps (Kalimo et al. 1989). With such complex
anatomy, it is not possible to define only one fibre direction
and to define the orientation of the ultrasound probe
accordingly (Hatta et al. 2016b).

However, when careful probe positioning was under-
taken, four studies have demonstrated the reliability and
the feasibility of stiffness analysis in trunk muscles (MacDon-
ald et al. 2015; Moreau et al. 2016; Creze et al. 2017; Kop-
penhaver et al. 2018). In the PsM, reliability estimates were
even fair to excellent, higher in the multifidus than in ES
(Koppenhaver et al. 2018), also higher at the L2-L3 level
than at the L4 level (Moreau et al. 2016). The measurement
reliability improved during PsM contraction (Koppenhaver
et al. 2018). Recently, Masaki et al. (2017) reported signifi-
cantly higher stiffness in the multifidus in low back pain
than in the control group.

The sensitivity and the robustness of the technique could
be a challenge with the posture, as the posture is likely to
influence PsM stiffness via muscle stretching and contrac-
tion (Moreau et al. 2016; Tran et al. 2016). Indeed, as PsM
muscles are polyarticular and attached to several vertebras,
ribs and the pelvis, both passive and active (muscle contrac-
tion) changes in relative skeletal position, in all special

planes, are likely to load PsM. Stabilization of the spine
requires permanent postural adaptation through PsM con-
traction and stretching regardless of the posture. PsM bul-
ging contained in an inextensible fascia, which occurs
during contraction, may also contribute to increasing stiff-
ness in the paraspinal compartment.

Despite the high prevalence of LBP, its pathophysiology
remains poorly understood, in particular regarding the role
of PsM in the origin and evolution of LBP. We assume that
SWE will allow the study of PsM in an objective, quantita-
tive, and reliable manner. Thereafter, PsM stiffness assess-
ment will contribute to building knowledge on the PsM
function so as to determine the functional involvement of
muscles in LBP and optimize the healthcare of LBP. The pur-
pose of this study was twofold: first, evaluating the sensitiv-
ity of PsM SWE to postures and evaluating the influence of
these postures onto PsM stiffness; secondly, to assess the
feasibility of SWE stiffness measurements in the main PsM
(multifidus, longissimus, and iliocostalis) in healthy adults.

Materials and methods

Volunteers

Sixteen healthy, right-handed volunteers were recruited (nine
females, seven males; age: 26.1 + 4.9 years; body mass index (BMI):
21.3 + 2.1 kg m~?). The participants were either sedentary (n = 11)
or physically active (n = 5) and did not have a history of chronic
back pain that required time off work or treatment. They were
asked to refrain from strenuous exercise 48 h before testing. Partici-
pants have been properly instructed in the nature of the study
before providing a written informed consent. The local ethics com-
mittee approved the study protocol, consistent with the Declaration
of Helsinki.

Materials

The shear wave velocity (SWV) was measured in the PsM by using
an Aixplorer® ultrasound scanner (SuperSonic Imagine, Aix-en-
Provence, France) and a convex probe (SuperCurved 6-1, SuperSonic
Imagine). The scanner was used in the general preset ‘penetration’
mode, which improved the depth of penetration of the shear
waves. A generous amount of coupling gel was applied to the sur-
face of the skin so that the tissues were not compressed by the
probe while ensuring a good contact. The probe was aligned along
the direction of the muscle fibres, as confirmed by B-mode images.
The probe was kept motionless during acquisition until the elasticity
map stabilized (between 5 and 15 s).

Experimental protocol

The same operator (10 years’ experience in radiology) performed
all ultrasound examinations.

Volunteers were asked to perform two passive static postures in a
given order during session 1 and, a week later, three active static
postures during session 2 (Fig. 1 and S1). Before the beginning of
each session, the participant lay in a prone position for 5 min to rest
the PsM. A reference stiffness measurement was recorded.
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Session 1: passive postures (day 1)

e Rest 1: The participant was positioned prone on a folding

table with their arms in a neutral anatomical position.

Passive flexion (30°): The participant lay prone. Passive flexion

was performed using a 30° angulation of the examination

table at the level of anterior superior iliac spines (ASIS), which
were determined by palpation.

e Passive extension (30°): The participant lay prone. Passive
extension was performed using a 30° angulation of the exam-
ination table at the level of ASIS after 5 min rest (same posi-
tion as rest 1).

Session 2: active postures (day 8)
e Rest 2: The participant was positioned prone on an examina-
tion table with their arms in a neutral anatomical position
(same as rest 1).
Upright: Upright position was performed in a neutral upright
posture (as perceived by the participant).
Bending forward (30°): After 5-min rest (same position as rest
2), active 30° flexion of the lumbar spine was controlled using
a manual goniometer, located at the level of ASIS. A belt held
the goniometer in place throughout the posture.
Bending backward (30°): After 5-min rest (same position as
rest 2), active 30° extension of the spine was controlled using
a manual goniometer, located at the level of ASIS. A belt held
the goniometer in place throughout the posture.

To ensure the reproducibility of the measurements, the effect of
diurnal variation was minimized by performing the measurements
for each participant in the morning.

Once the participant was appropriately positioned, four sites of
elastography investigation were identified, on right and left sides
of the spine, for the evaluation of PsM stiffness: (1) at the level of
the 1st sacral vertebra (S1), 2 cm lateral to the spinous process, in
the multifidus muscle; (2) at the level of the 3rd lumbar vertebra
(L3), 1-2 cm lateral to the spinous process, in the multifidus; (3) at
the level of L3, 1-2 cm lateral to the spinous process in the longis-
simus; and (4) 5 cm from the spinous process in the iliocostalis. As
the lumbar multifidus has different attachments depending on its
cranial insertion on the spinous process, multifidus stiffness was
studied at both L3 and S1. The spinous process of L4 was first
located at the level of the iliac crest by manual palpation. L3 was
then manually identified as the spinous process located just above
L4, and S1, was identified as the spinous process located two verte-
brae below L4. The correct position of the spinal level was then con-
firmed by B-mode analysis.
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Each posture lasted 5 min, thus, session 1 lasted 30 min and ses-
sion 2 lasted 45 min per participant.

Before the beginning of each session, anatomical landmarks were
manually assessed on two orthogonal planes to ensure proper loca-
tion of the probe above the muscle. The transverse plane allowed
the three muscles in the paraspinal compartment to be discrimi-
nated. At S1, the paraspinal compartment is made up of the multi-
fidus only (Fig. 2A). At L3, the multifidus has a triangular shape,
medially limited by the cortical bone of the spinous process (hypere-
chogenic), laterally by the epimysial fascia of the multifidus and the
fat-filled intermuscular space between the multifidus and the
longissimus (hyperechogenic), and inferiorly by the cortical bone of
the mamillary process (hyperechogenic; Fig. 3A). The longissimus
was located superior and lateral to the multifidus. Under the erec-
tor spinae aponeurosis (ESA) and the posterior layer of the TLF
(pTLF), the muscle bellies of the erector spinae (longissimus and ilio-
costalis) are separated by the intermuscular aponeurosis and by a
fat-filled intermuscular space (hyperechogenic). After the muscular
target (multifidus at S1, multifidus at L3, longissimus or iliocostalis)
was identified on the transverse plane, the longitudinal plane was
used to locate the section on which stiffness was to be measured
and confirm the appropriate alignment of the probe with respect
to the muscle fibres by tracing several fascicles without interruption
across the B-mode image. At S1, the curve of the cortical bone of
the lateral sacral crest served as anatomical landmark for the multi-
fidus at S1 on section 1 (Fig. 2B). Stiffness of the longissimus and
the multifidus at L3 was measured within the same section 2
(Fig. 3B). In section 2, the multifidus was bordered by the cortical
bone of the mamillary process (hyperechogenic) and the middle
layer of the TLF (imperceptible); it was separated from the longis-
simus by the horizontal fat-filled intermuscular space (hypere-
chogenic). Section 3 was located in the middle of the iliocostalis,
5 cm from the spinous process (Fig. 3C). Overall, measurements
were performed on three longitudinal sections, which were marked
on the skin bilaterally with a waterproof felt-tip pen.

After each acquisition, a careful visual inspection of the stiffness
map was performed for a global analysis of artefacts, spatial distri-
bution of stiffness, and quality of results. Regional analysis was per-
formed within a 10-mm diameter circular region of interest (ROI)
with AixrLorer® analysis software Q-Box. ROIs were manually placed
5 mm below the ESA in the multifidus at S1 in section 1 and in the
iliocostalis in section 3. In section 2, the ROIs were manually posi-
tioned in the multifidus at L3 between the epimysial fascia of the
multifidus and the cortical bone of the mamillary process, and in
the longissimus between the ESA and the epimysial fascia of the

30°

D E F
Fig. 1 lllustration of the six postures: (A) rest; (B) passive flexion; (C) passive extension; (D) upright; (E) forward bending; (F) backward bending.

© 2019 Anatomical Society



790 Stiffness mapping of paraspinal muscles, M. Creze et al.

5
~
Rt

\'-'

G"‘“-—--_—"\

-

w
h-]
o — e,

~
LS

Fig. 2 Anatomical landmarks on B-mode at S1: (A) transversal plane; (B) longitudinal plane. White arrows show the fibre orientation. The white
box indicates the Q-box tool (Aixplorer® analysis software), in which the SWV is recorded. M, multifidus; P1, 1st probe position; S, sacrum; Sp, spi-

nous process.

Fig. 3 Anatomical landmarks on B-mode at L3. (A) Transversal plane. Double arrows show the ESA and the pTLF. (B,C) Longitudinal plane in the
multifidus and longissimus (P2) and in the iliocostalis (P3). The white box indicates the Q-box tool (Aixplorer® analysis software), in which the

SWV is recorded. White arrows show the fibre orientation. I, iliocostalis; Lg, longissimus; L2, 2nd lumbar vertebrae; L3, 3rd lumbar vertebrae; L4,
4th lumbar vertebrae; M, multifidus; Mp, mammillary process; P2, 2nd probe position; P3, 3rd probe position; Sp, spinous process; Tp, transverse

process.

multifidus. Care was taken to avoid any inclusion of ESA, pTLF, fat,
vessel or muscle located close to the vertebra in the ROI, as this can
affect the measurement outcomes (Ewertsen et al. 2016).

Statistical analysis

Reproducibility
Saturated data (n =9, image = 54, i.e. for the longissimus during
bending forward) were excluded from the statistical analysis. For

each posture and each muscle, reliability between three repeated
measures and cross-session reproducibility were evaluated by using
intra-class correlation (ICC, 95% confidence intervals). ICC was quali-
fied as poor when <0.40; fair when between 0.40 and 0.59; good
when between 0.60 and 0.74; and excellent when between 0.75
and 1.00.

Mean stiffness values were used for the next steps. The normality
of the data was tested using Shapiro-Wilk’s test and analysed with
a histogram method. As four variables (mean stiffness values for the
multifidus at S1 in passive extension, the multifidus at S1 in bending

© 2019 Anatomical Society



backward, the multifidus at L3 in passive extention, and the multi-
fidus at L1 in bending backward) were not normally distributed,
nonparametric tests were used. A Wilcoxon matched-paired signed-
rank test was performed to compare the SWV between rest pos-
tures and the SWV between the left and right muscles. In the
absence of any significant differences between sides, left and right
results were pooled. For each posture, the Wilcoxon matched-
paired signed-rank test was performed to compare the SWV
between the multifidus at L3 and at S1.

The one-way analysis of variance (one-way anova; stiffness by
muscle and stiffness by posture) was used to determine the intra-
and intermuscular difference according to posture and to deter-
mine the effect of posture. When the test was significant (P < 0.05),
post hoc Tukey testing was performed. Note that one-way Anova
requires normality in the dataset. In our study, most of the variables
were normally distributed (24 of 28 measures). We cross-checked
the results of anova with the Kruskal-Wallis test; as the results were
the same, we decided to present results of anova for consistency
and clarity in the text. Boxplots illustrate intra- and interstiffness dif-
ferences with posture.

To determine the magnitude of posture-related stiffness change,
the stiffness percentage change between rest and the other pos-
tures was defined with the following formulae: percentage
change = (rest 1 — passive posture)/(rest 1) x 100 and percentage
change = (rest 2 — active posture)/(rest 2) x 100, where rest 1, rest
2, passive postures, and active postures are defined in the experi-
mental protocol section.

Statistical analyses were performed with Stata 14 software (Stata-
Corp LP, College Station, TX, USA). P-values < 0.05 were considered
statistically significant.

Results

On the B-mode image, the orientation of the fibres was
clear in the longissimus and the iliocostalis. They were
aligned with the longitudinal axis of the muscle belly
(Fig. 3B,C). Ultrasound typically reveals muscle fibres, as
they are arranged in parallel hypoechoic fascicles and sur-
rounded by echogenic fibro-fatty septa and perimysium. In
the longitudinal plane, the perimysium is depicted as multi-
ple parallel lines at an oblique angle with the fascia or the
muscle-tendon junction, separated by hypoechoic fascicles.
Overall, PsM fibres are parallel to the spinous process line.
Anatomical landmarks (bone, fascia, fibre direction) were
easily identifiable on B-mode image. Although the delin-
eation of the multifidus fibres was difficult because of the
overlap of differently oriented fibres, muscle fibres were
globally found oriented parallel to the probe position
(Figs 4 and 5).

Shear wave elastography elastograms revealed two dis-
tinct mechanical patterns. In most cases, the stiffness was
homogeneous over a given muscle. For some participants,
PTLF and ESA were responsible for an increase in stiffness in
the superficial layer of the underlying muscles (longissimus
and multifidus at S1), which we call the ‘fascia effect.” Pos-
tures in which the fascia effect appeared, differed among
individuals (Figs 4B,F and 5A-D). Small artefacts were
observed near the lamina and the transverse processes of
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the vertebra (Fig. 5B). During upright and forward bending
postures, elastograms could not be fully reconstructed over
the targeted field of view. In nine individuals, the elas-
togram was totally saturated in the longissimus during for-
ward bending. These data were not included in the
statistical analysis.

Reliability

Intra-class correlation showed good to excellent agreement
between the three measurements with the following excep-
tions: the multifidus at S1 during forward bending [right
ICC: 0.46 (—0.33 to 0.81); P = 0.09; left ICC: 0.20 (—1.04 to
0.73); P = 0.30]; the left multifidus at L3 [ICC: —0.06 (—1.52
to 0.64); P = 0.52]; and the left iliocostalis during backward
bending [ICC: 0.48 (—0.15 to 0.81); P = 0.06] and passive
extension [ICC: 0.11 (—1.22 to 0.67); P = 0.39; Table 1]. Post
hoc power analysis showed that we had sufficient power to
detect the differences between male and female. Inter-ses-
sion reproducibility at rest was poor in the multifidus at S1
[ICC: 0.28 (—0.49 to 0.65); P = 0.19], fair in the multifidus at
L3 [ICC: 0.56 (0.08-0.80); P < 0.01] and in the iliocostalis
(ICC: 0.47 (—0.07 to 0.75); P = 0.04]. Stiffness was signifi-
cantly higher at rest in the longissimus in rest 1 than in rest
2 (P =0.01). No other day-to-day differences were observed
in the other muscles.

Intra- and intermuscular comparisons

Stiffness was significantly greater in the multifidus at S1
than in the multifidus at L3 during passive extension
(P <0.01), upright position (P <0.01), forward bend-
ing (P=0.02), and backward bending (P = 0.05; Table 2,
Fig. 6).

Interaction between muscles and posture

With respect to rest, the muscle stiffness increased in almost
all conditions except passive extension. The anova showed
significant higher stiffness during upright position and for-
ward bending compared with all passive postures, during
upright posture compared with forward bending, and dur-
ing upright position and forward bending compared with
backward bending [F(multifidus at S1) = 101.83, F(multi-
fidus at L3) = 124.3, F(longissimus) = 59.7, F(iliocostalis) =
92.98; P < 0.01]. Passive extension was responsible for
increased stiffness in the multifidus at S1 and the ilio-
costalis, and for decreased stiffness in the multifidus at L3
and the longissimus.

At rest, stiffness was significantly greater in the longis-
simus than in the iliocostalis [F = 5.02, P < 0.01 (rest 1) and
F=4.07, P < 0.01 (rest 2)]. In passive flexion, stiffness in the
multifidus at S1 was significantly greater than that in the
iliocostalis (F = 3.4, P = 0.02), and in passive extension, stiff-
ness was significantly greater in the multifidus at S1 than in



792 Stiffness mapping of paraspinal muscles, M. Creze et al.

the multifidus at L3 (F = 4.04, P < 0.01). In forward bend-
ing, iliocostalis stiffness was significantly lower than that in
the other muscles (F = 7.88, P < 0.01). In backward bending,
muscle stiffness was not significantly different between
muscles (F = 2.49, P = 0.0644).

Discussion

Shear wave elastography was successively performed in
PsM. From the SWV recorded in PsM over 16 volunteers,
we found that (1) under certain controlled conditions,
SWE had good to excellent reliability; (2) PsM stiffness
exhibited large interindividual variability and large day-
to-day variability; and (3) SWE was sensitive to postures,
both passive and active. Noticeably, the muscle shear elas-
tic modulus was significantly greater during the upright
position and forward bending than passive postures and
backward bending.

Stiffness reliability

In the longissimus and the iliocostalis, intra-session agree-
ment was good to excellent, whereas it was poor or fair
during active postures in the multifidus. Previous studies on
trunk muscles reported good to excellent intra-session relia-
bility except in the rectus abdominis (MacDonald et al.
2015; Moreau et al. 2016). Results from our studies dealing
with trunk muscle stiffness reliability were slightly lower
than those reported in studies on appendicular and superfi-
cial muscle stiffness (Lacourpaille et al. 2015; Umehara et al.
2015; Moreau et al. 2016). We hypothesized that due to the
complex anatomy and number of joints that can influence
the length of the muscles tested here, the ability to be in
the same relative scanning position can be compromised
between repetitions. This will likely modify the reliability of
the stiffness measurement. Moreover, the depth and the
stretching/contraction of muscles, which may differ slightly

>4.5ms!

Forward bending

Fig. 4 Ultrasound image of the left multifidus at S1 with B-mode imaging and with elastographic image overlaid. Stiffness increased in upright
posture and forward bending. Stiffness was higher (warm colours) in the superficial part of the multifidus and in the ESA than in the deepest part
of the multifidus (cold colours) in passive flexion and backward bending, which we called the fascia effect (double arrows). The white circle
showed the ROI position. L4, 4th lumbar vertebrae; L5, 5th lumbar vertebrae; S, sacrum.
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between measurements, can also influence the stiffness
measurement reliability. Forward bending posture, which is
related to both stretching and contraction of the multi-
fidus, presented lower stiffness reproducibility than other
postures. Previous studies on appendicular muscles reported
lower stiffness reliability during stretching and contraction
than at rest (Bouillard et al. 2012b; Kot et al. 2012; Carpen-
ter et al. 2015; Dubois et al. 2015). Moreover, because of
gravity and upper bodyweight, keeping one’s balance dur-
ing forward bending yielded little rocking movements with
every participant. When applied to the scale of short seg-
mental fascicles of the multifidus, such small motions may
(1) alter the stretching and the neuromuscular response of
the multifidus, and (2) degrade the SWE outcomes with
additional motion artefacts.

In forward bending posture, the elastogram was entirely
saturated in the longissimus in nine participants. This find-
ing means that the muscle SWV of these individuals
exceeded the range of values measurable by the ultrasound

Stiffness mapping of paraspinal muscles, M. Creze et al. 793

scanner (Nordez & Hug, 2010). For rigid tissues, SW may
propagate too fast, with a velocity > 16 m s, to be prop-
erly quantified by SWE in the current version of the system.
Thus, for the specific measurement case in the contracted
longissimus, the outcomes of nine participants (55% of the
participants) had to be removed from the analysis.

Inter-session stiffness reproducibility

The reproducibility from one session to another was not
high and rather poor in the longissimus. Previous studies
dealing with trunk muscles, in particular abdominal wall
muscles, also presented poorer day-to-day reproducibility
than in appendicular muscles, as well as significant inter-ses-
sion differences in the rectus abdominis (Moreau et al.
2016; Tran et al. 2016). Poor stiffness reproducibility may be
related to daily variations in the participants’ personal and
professional occupations; they exerted themselves and their
trunk muscles and fascia at different intensities and in a

> 4.5ms1

>4 5ms~!

> 4.5ms—"

Fig. 5 Ultrasound image of the left multifidus at L3 and the longissimus with B-mode imaging and with elastographic image overlaid. Stiffness
increased in upright posture and forward bending. The white circles showed ROI position. The elastogram was totally saturated in the longissimus
during forward bending (white star). Stiffness was higher (warm colours) in the superficial part of the longissimus and in the ESA than in the deep-
est part of the longissimus (cold colours), which we called the fascia effect (double arrows). Small artefacts were observed near the lamina and the
transverse processes of the vertebra [white arrow (B)]. L, longissimus; M, multifidus.
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Table 1 Reliability of shear wave velocity measurements.

Left side Right side
95% Cl 95% Cl
Muscle Posture ICC average P-value ICC average P-value
Multifidus (S1) Rest 1 0.76 0.45 0.91 <1073 0.94 0.86 0.98 <1073
Passive flexion 0.90 0.76 0.96 <1073 0.94 0.86 0.97 <1073
Passive extension 0.95 0.90 0.98 <1073 0.97 0.93 0.99 <1073
Rest 2 0.81 0.54 0.93 <1073 0.71 0.29 0.90 <1073
Upright 0.90 0.76 0.96 <1073 0.90 0.77 0.97 <1073
Bending forward 0.20 —1.04 0.73 0.30 0.46 —0.33 0.81 0.09
Bending backward 0.85 0.64 0.95 <1073 0.91 0.79 0.97 <1073
Multifidus (L3) Rest 1 0.53 —0.12 0.83 0.04 0.86 0.67 0.95 <1073
Passive flexion 0.93 0.85 0.97 <1073 0.83 0.61 0.93 <1073
Passive extension 0.91 0.79 0.97 <1073 0.84 0.65 0.94 <1073
Rest 2 0.92 0.81 0.97 <1073 0.84 0.63 0.94 <1073
Upright 0.93 0.83 0.97 <1073 0.89 0.75 0.96 <1073
Bending forward 0.87 0.69 0.96 <1073 0.74 0.31 0.91 <1073
Bending backward —0.06 —1.52 0.64 0.52 0.80 0.48 0.94 <1073
Longissimus Rest 1 0.91 0.79 0.97 <1073 0.76 0.43 0.91 <1073
Passive flexion 0.71 0.33 0.89 <1073 0.93 0.83 0.97 <1073
Passive extension 0.91 0.78 0.97 <1073 0.86 0.67 0.95 <1073
Rest 2 0.92 0.80 0.97 <1073 0.84 0.63 0.94 <1073
Upright 0.92 0.82 0.97 <1073 0.89 0.67 0.95 <1073
Bending forward 0.89 0.65 0.98 <1073 0.76 0.28 0.94 0.01
Bending backward 0.56 —0.09 0.86 0.04 0.88 0.70 0.96 <1073
lliocostalis Rest 1 0.80 0.54 0.93 <1073 0.86 0.68 0.95 <1073
Passive flexion 0.79 0.51 0.92 <1073 0.73 0.37 0.90 <1073
Passive extension 0.1 —-1.22 0.67 0.39 0.84 0.63 0.94 <1073
Rest 2 0.71 0.35 0.89 <1073 0.85 0.66 0.95 <1073
Upright 0.83 0.61 0.94 <1073 0.92 0.80 0.97 <1073
Bending forward 0.79 0.50 0.93 <1073 0.61 —0.01 0.87 0.03
Bending backward 0.48 -0.15 0.81 0.06 0.83 0.59 0.94 <1073
95% Cl, 95% confidence intervals; ICC, intra-class correlation coefficient.
Table 2 Mean shear wave velocity (standard deviation) in m s~ and percentage change from rest for the six postures.
Multifidus S1 Multifidus L3 Longissimus Iliocostalis
Session 1
Rest 2.24 (0.45) 2.21 (0.40) 2.48 (0.55) 2.06 (0.34)
Passive flexion 2.61 (0.49) 2.41 (0.46) 2.53 (0.52) 2.27 (0.38)
+17 (4.5)% +9 (2.8)% +2(0.2)% +10 (3.4)%
Passive extension 2.50 (0.70) 2.09 (0.52) 2.39 (0.55) 2.17 (0.29)
+12 3.1)% -5 (2.00% —42.7)% +5 (2.0)%
Session 2
Rest 2.15 (0.26) 1.99 (0.34) 2.22 (0.34) 2.00 (0.25)
Upright 4.17 (1.08)* 3.01 (0.77)* 3.32 (1.03)* 2.67 (0.71)*
+94 (35.5)% +51 (24.0)% +50 (17.7)% +33 (9.8)%
Bending forward 5.19 (0.43)*" 5.58 (0.91)* 5.36 (0.91)*" 5.57 (0.92)*
+141 (47.3)% +180 (49.2)% +141 (39.9)% 179 (43.6)%
Bending backward 2.46 (0.59) 2.21 (0.71) 2.25 (0.33) 2.09 (0.33)
+14 (6.2)% +11 (4.1)% +1(0.8)% +5 (1.7)%

*Significantly higher (P < 0.05) than rest, passive posture,
'Significantly higher (P < 0.05) compared with upright.

and bending backward.
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Fig. 6 Boxplot showing intra- and intermuscular differences. SWV, shear wave velocity. * Significantly higher (P < 0.05) than rest, passive posture,
and bending backward. ** Significant difference between muscles (P < 0.05).

variety of ways from day-to-day (bearing heavy loads,
upright positions, seating positions). Moreover, to the best
of our knowledge, little is known about daily changes in
muscle stiffness. In vivo and ex vivo testing on the lumbar
spine revealed significant diurnal changes in the spinal
range of motion related to stiffness changes in disc and
ligaments of the neural arch caused by changes in disc
water content, disc swelling pressure, and compressive stiff-
ness, in particular after heavy loading (Adams et al. 1987,
1990). Similar trends could be observed in PsM intimately
connected to the vertebral column and enclosed in an inex-
tensible osteo-fibrous compartment.

Spatial variability of stiffness

Few data are available in the literature to which the out-
comes reported here could be compared. Nevertheless, in
general, our results are fairly consistent with previously
reported works on PsM measured either at other spinal
levels or with other imaging methods. For example, at rest,
Dieterich et al. (2017) presented the median shear modulus
at 14.9 kPa (i.e. 3.86 m s ") in the multifidus at the cervical
level. In another study, Moreau and colleagues obtained
13.86 kPa (i.e. 3.72 ms™") at L2-L3, and 22.76 kPa (i.e.
477 m s~ ") in the multifidus at L3-L4 and Creze et al.
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reported 6.9 kPa (i.e. 2.62 m s ") in the longissimus, 4.9 kPa
(2.21 m s ") in the iliocostalis, and 5.4 kPa (i.e. 232 m s~ ")
in the multifidus at L3 (Moreau et al. 2016; Creze et al.
2017).

According to Moreau et al. (2016) significant intramuscu-
lar differences are to be expected in the multifidus. The
multifidus at S1 has a larger cross-sectional area than the
multifidus has at L3. It is covered by ESA and pTLF only, and
fascicles have a larger angulation with the spinous process
line than they do at L3. Muscle stiffness inhomogeneity has
already been observed between the proximal and distal
parts and between the surface and the depth of the appen-
dicular muscles. Similar structural and functional organiza-
tion were observed in the muscle (Nordez & Hug, 2010;
Lacourpaille et al. 2012; Eby et al. 2015; Hatta et al. 2016a;
Le Sant et al. 2017).

The dispersion of individual muscle stiffness values
around the mean was high, in particular during upright
and forward bending postures. This result may indicate dif-
ferences in stretch tolerance and in neuromuscular activity
(Le Sant et al. 2017). Moreover, muscle tissue has great plas-
ticity in response to functional demands such as changes in
neuromuscular activity or mechanical loading. The history
of the muscle preceding the examination, for a period of
hours to years, conditions the type and density of muscular
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fibres, hydration, and biochemical state (Frontera & Ochala,
2015).

Shear wave elastography revealed two stiffness patterns
in the multifidus at S1 and the longissimus: (1) stiffness dis-
tribution was uniform between the superficial and deep
layers of the muscles, and (2) stiffness was greater in the
superficial layer of longissimus and multifidus at S1, under
the ESA and the TLF, which we called the fascia effect (Gat-
ton et al. 2010). Similar stiffness patterns were observed in
the tibialis anterior muscle, where the cruralis fascia was
responsible for a similar fascia effect (Koo et al. 2014). This
effect might be related to the singular anatomy of the
longissimus near the myoaponeurotic junction with the ESA
and to the effect of compression of the pTLF. Part of the
muscle located in the vicinity of the myoaponeurotic junc-
tion is an atypical region made of sarcolemmal invagina-
tions interspersed with bundles of collagen fibres
appearing as finger-like processes (Knudsen et al. 2015).
Such a muscle structure might explain why stiffness signifi-
cantly increases within only a few centimetres of the
myoaponeurotic junction (Yoshitake et al. 2014; Le Sant
et al. 2017). Moreover, the pTLF has been postulated to act
as a retinaculum that covers and gently presses the PsM
down, in particular the outer longissimus and the multifidus
at S1 (Bogduk & Macintosh, 1984). By comparing muscle
stiffness with and without skin and fascia in human cadav-
ers using SWE, some investigators showed that skin and fas-
cia contributed to increased muscular stiffness in the legs
(Koo et al. 2014; Yoshitake et al. 2014). As found in a previ-
ous study, the fascia effect was inconstant. Variability of this
effect could be related to interindividual variability of fas-
cial thickness, fibrosity, stiffness, and the tensile effect of
muscle attachments on the pTLF and ESA (Barker et al.
2004; Kramer et al. 2004; Langevin et al. 2011; Pavan et al.
2014; Yoshitake et al. 2014).

In contrast to the pTLF, which is a mesh of differently ori-
ented fibres, the ESA comprises longitudinal fibres arranged
in fascicles, more or less dense according to the participant’s
anatomy, which create interfascicular spaces (longitudinal
fenestration; Creze et al. 2017). Indeed, in some cases, a
small tilt of the probe opened an acoustic window that cir-
cumvented the fascia effect. In addition, we cannot exclude
the possibility that hard fascia and ESA generated measure-
ment artefacts that led to increased stiffness in the superfi-
cial part of the muscles. Given the inhomogeneity of the
spatial distribution of stiffness in the muscle, the stiffness
value highly depends on the location and size of the ROI. It
affects the measurement reproducibility (Ates et al. 2015;
Ewertsen et al. 2016).

Posture-related changes of muscle elasticity

Different stiffness changes were identified between PsM in
relation to posture (Creze et al. 2018a). According to Chan
et al. (2012), stiffness increased in their study from lying to

standing postures except when the participants were bend-
ing backward. Using strain elastography, they demon-
strated that Young's modulus, E, increased from the prone
to the upright position and continued increasing when the
participants bent forward at 25° and 45°. The multifidus
stiffness simply increases with postural demand. Increased
stiffness with upright and forward bending postures can be
explained by the cumulative effect of many biomechanical
changes, such as increased intramuscular pressure, tension,
compressive effect of the pTLF, and neuromuscular activity
(Donisch & Basmajian, 1972; Peach et al. 1998). Previous
studies using SWE on appendicular muscles reported a posi-
tive and linear relationship between stiffness and muscle
force (Nordez & Hug, 2010; Hug et al. 2015). In healthy par-
ticipants, PsM are almost electrically silent during upright
standing and backward bending, but neuromuscular activ-
ity increases during the initial phase of active flexion related
to active force (Donisch & Basmajian, 1972; Peach et al.
1998). SWE failed to detect SW propagation in the longis-
simus (saturation of the elastogram) in forward bending
posture related to muscular stiffness that was greater than
that measurable with the settings used in this study.
Calculation of the overall average values excluded nine par-
ticipants in whom longissimus mean stiffness was underesti-
mated in bending forward, which is much higher than
stiffness in the multifidus and iliocostalis. Such a high stiff-
ness increase in the longissimus might be related to the
close relationship between the longissimus, the ESA, and
the TLF. During muscle contraction, as muscle generates
force and shortens, the aponeurosis stretches, thus its stiff-
ness increases (Gatton et al. 2010). As described earlier, the
PTLF also creates an axial force that limits radial expansion
of the PsM during contraction, and thus the stiffness in the
longissimus increases all the more (Gatton et al. 2010).

Functional significance

Magnitude of stiffness changes, between postures, differed
between the multifidus, the longissimus, and the ilio-
costalis, suggesting a different biomechanical behaviour of
each PsM. For any postures, the longissimus presented the
highest stiffness values, which supports permanent stiffness
to the spine. The segmental multifidus, which is affixed to
the spinal arch, had low stiffness at rest, but it proportion-
ally stiffened more than the other muscles did in most pos-
tures, providing strong vertebral joint stabilization. Among
the PsM, stiffness of the iliocostalis was the lowest.

PsM are numerous and their highly complex anatomy
makes it difficult to model their modes of action. The stabi-
lizing role of the PsM cannot be easily studied by elec-
tromyographic (EMG) measurement of the muscles alone.
The EMG recording from a muscle indicates the electrical
activity of the muscle but does not provide the related
quantitative measurement of the muscle force (Fryer et al.
2004a). Furthermore, deep muscles, including the
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multifidus, are difficult to reach. PsM are unsheathed in an
inextensible osteo-fascial compartment. Pressure and stiff-
ness in the compartment ensure clamping of the vertebrae.
They create two bone-muscle composite beams that stiffen
the spine (Kramer et al. 2004, 2005; Dupeyron et al. 2009).
Muscle stiffness is related to (1) muscle active force and
muscle activity, (2) muscle passive force and lengthening,
and (3) external tensional influence. The conjunction of the
various functions of the paraspinal compartment during
spine motion and posture is integrated by SWE. Therefore,
each contribution cannot be differentiated by the measure-
ment of stiffness.

Several investigators have suggested that alteration of
passive and active tissues stiffness of the lumbar region may
lead to spinal instability, increase spinal stiffness and cause
low back pain (Panjabi, 1992). In the field of spinal surgery
and rehabilitation, the preservation of the ‘elastic equilib-
rium’ of the spine, that is, the lumbar spine posture of least
stiffness during daily life activity, is critical to reduce and
prevent LBP (Scannell & McGill, 2003). The neutral zone is
the range of lumbar positions of least tissue strain (Scannell
& McGill, 2003). In vivo motion track systems are used to
assess the spinal stiffness and the neutral zone, but they do
not provide quantitative stiffness changes and they do not
distinguish the involvement of any specific tissue. More-
over, these techniques are hard to achieve in clinical prac-
tice and are rarely applied. Therefore, SWE, being indicative
of posture-related stiffness changes of the PsM, could help
clinicians to identify this neutral zone accurately, thus
improving the management of LBP.

Shear wave elastography revealed a fascia effect in some
participants in different postures. An increase in fascia in
the superficial part of the muscles might predispose an indi-
vidual to a higher risk of developing chronic compartment
syndrome and LBP (Koo et al. 2014). A longitudinal study
needs to be done to challenge this hypothesis.

Limitations

The study has several limitations. First, with the small num-
ber of volunteers, the study is subject to individual variation
and the interpretation on muscle stiffness is restricted. How-
ever, no previous study has analysed the performance of
SWE in measuring the stiffness of PsM. In future investiga-
tions with larger cohorts, we will aim to confirm the accu-
racy and precision of SWE. Second, SWE measurements (in
particular in the multifidus) have been obtained in a media
with superposed fascicles of different orientations (Creze
et al. 2017). Therefore, some muscle fibres had an angle up
to 20° with the principal axis of the probe, which is known
to modify the measured stiffness value (Macintosh et al.
1987; Macintosh & Bogduk, 1991). Muscles can be consid-
ered transverse isotropic media, with one main axis (along
the fibres). To properly quantify the stiffness along to the
fibres, the ultrasonic probe must be aligned with the muscle
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fibres, as described by Royer et al. (2011) and Gennisson
et al. (2010). Isotropic elastic medium is assumed. Hence,
SWV does not allow accurate characterization of the trans-
verse isotropic stiffness of muscle and, as muscle fibres are
not generally all aligned, the measurement is a rough aver-
age of the anisotropic stiffness moduli. Thirdly, the convex
probe, used here and commonly adapted to abdominal
organs, does not offer a muscular preset, which would alle-
viate the measured stiffness saturation in the contracted
longissimus. Another probe dedicated to muscle studies will
be used in future works. Fourthly, neuromuscular activity
was not measured by electromyography during the exami-
nation sessions. Electrodes were not placed on the muscles,
and proper placement of the ultrasound probe was
favoured. However, PsM neuromuscular activity probably
explains stiffness changes related to posture (Donisch & Bas-
majian, 1972; Peach et al. 1998). Further studies are needed
to explore the influence of neuromuscular activity on pos-
ture-related stiffness. Fifthly, the protocol of the present
study could be improved. We chose ASIS as anatomical
landmarks to determinate trunk flexion/extension angle in
order to reproduce the postures easily in clinical practice.
Although the participants were instructed to keep their
back straight during the experiment, the lumbar posture
was not continuously monitored and lumbar curvature and
hip flexion were not assessed. Finally, the stabilization of
any postures results from the combination of co-contraction
of PsM and the psoas, intra-abdominal pressure, and glu-
teus maximus contraction (Hodges et al. 2005). Future SWE
studies should take into account these co-actors to study
spinal postures fully.

Conclusion

Muscle stiffness, recorded by SWE, is an objective, quantita-
tive, and sensitive biomarker for different postures as long
as the measurement and reconstruction conditions are
properly controlled. SWE highlighted the different biome-
chanical behaviour between paraspinal muscles. This work
opens the way for pioneering a clinical study on paraspinal
muscles and lower back pain with new biophysical insights.
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